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I. INTRODUCTION

A8 s aound wave propagates through a polyatomic gas
the acouetic enargy ia found to diminish, *hle loss nf en-
argy s malnly attributed to the attenuation due to the vis-
cosity, the heat conductionn, and the molecular relaxation of
the gae, For a large portlion of the frequency speantrun,
the viescous and heat oonduoction effeots are small compared
to the moleoular attenuation. The source of molecular ab-
sorption of eound in a gas 18 a lag in adjustment between
the internal eneryy states of the moleoules and their energy
of translation, During a condensation of a sound wave, the
temperaturc of the gae rises, This 2xcess translational
energy eau#ns some of the molecules to acquire a quantum of
energy whioh ralses them to a higher internal ensrgy state.
The molecules of a gas8 require on the average a certaln
time to aocquire nnd then lose their quanta of energy; this
time is known as the relaxation time of that partioular
state,

Molecular absorption 1s dependent on the relatire
values of the relaxation time and tha »erlod of the acund
wave, For low sonlc freguenoles, ths psriod between ocon-
deneations is long oompared to the relaxatinn time end no

loss of ncoustioc energy ocours, For sxtremely high sonie




frequencies, the period retween condensations is nout of suf-
ficient duration to permit much energy to be transferred to
internal modea. Conaequently, the loss of acoustic eiergy
per wavelength 1s small, However, the absorption per cm

is still appreciable due to the large number of wavelengths
per cm, [For those frequencies where the pariod is of the
sams order of magnitude as the relaxation time, a large
loss in acouatic energy per wavelength will occur. Hence,
one would expect the molecular attenustion per wavelength
to be & maximum at intermediate frequencles &nd to become
gealler as the frequency 1s either increased or decreased.

The relaxation time of a gas 1s dependent on the
number of collisions per second and on the effesctiveness
of each collision, 8ince the rate of collision is propor-
tional to the number of molecules present, the relaxation
time can be controlled by the pressure of the gas. This
pressure dependence can be used to adjust the relaxation
time so that the maximum absorption of sound per wavelength
will ocour in any desired frequency range.

Thic dissertation is concerned with the measurement
of the molecular absorption of sound in coa. in csa. and in
cauuo. and alsc Arn mixiures of these gases. The abacxption
of sound in gases can he measured by the interferometer
method, the resonance shairpness method, the direct method,
and the tube method. The latter method was chosen as 1t is

readily adaptable to both frequency and bresnure control;

S—



it can be desigzned to use a relatively small sample of gan

which simplifies the drying snd purifiocation problem, it can ‘
be made vacuum tight, and it can be desmigned to give a suf- {
ficiently strong signal for measuring the attenuation of X
gases which are highly absorptive,




Ii. HISTORICAL SURVEY OF ATTENUATION

The claassiocal aberorption of sound in a ges is caused

by the viscosity and the heat conductior of the gan. Thie

subject was first studied by Stokes and Kirchhoff. Lord

Rnyloighl discusses the classical attenuation in detail and

gives for the attenuation coefficient of the sound pressure

- w? ’ Z - 5"

ere - <zﬁf)"‘
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¢= (%)
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M= AL
= L
w = A7 f

Laplace's sound veloocity
(adiadbatio)

Newton's sound veloocity
(1sothermal)

Thermometric conductivity

Kinematic shear viscosity

(for a perfect gas)

Angular frequency

By including the above definitions and the equation of

state for a perfect gas eguation (1) can be written in a




form more usable for experimental work i
2 /)
fn
«jr——zlét \3 ,‘46; ! ;‘9 (2)
where R » gas content

T «» teaporature
M = molecular weight of gas
_AA = viscosity
K « Heat oconduotivity
C, = specific heat at constant velume
= ratio of the specific heats
= agcustic frequency
= gas pressure

e .25

The above expreasion will be discunsed further in the pec-

tion concerned with experimental results.

As far baok as 1911, the measurements of Noklepa40w2 ;
indicated That for air the absorption could not be expiained !
entirely by viscosity and heat conduction. later measure-

ments by Abello? GrOIlnan.“

Pioroa,s Rioch and Piolonoier.s
and xnudlen7 gave further evidenca that the clasaical ab-
sorption had fto te modified. In the early part of this ocene

tury, Jeans®

developed a classloal wmolecular theory which
considered the lag in adjucsiment between the intermal energy
states of the moleocules and their energy of translation, He
indicated that thig effect could explain the anomalous ab-
sorption observed in polyatomis gases. In 1920, Einstein’
developad a theory for the dispersicon of gound in partially

dissociated gases. Although Einstein was primarily interested



in determining the rate of dissoclation of a gams and not the
disperaion of sound, his paper has bean the foundation for
other papers ueing the thermodynamical approach to the
theory of aound absorption and diaspersion in gases. In 1928,
Herzfeld and Rice,lo expanding the 1dea of Jeans, developed
& theory for the absorption and diapersion of sound in gasea.
)(neaer,l1 in 1931, following Kinatein, developed a simpli- :
fied theory assuming only the first vibrational state of the %
molecules to be activated. Kneser was able to explain the
abnormal absorption of sound in &ir found by Knudsen, '
Bourgin,12 using the methods of statistical mechanica, devel- i
oped the Herzfeld and Rice theory into its pressnt form.
In hia later papers,13 he shows the Kneser theory is a spe-~
cial case of his more rigorous and more general treatment.

Since the esrly 1930s, a large number of experimental '
papers concerned with molecular adbsorption have been pre-
sented, Only thoae papers which are pertinent to this dia-

Lk in 1939, measured

sertation shall be mentioned. Leonard,
the abvsorption of sound in 002 by the direct method. This
mothod is concerned with the determination of the absorption
as & function of distance. The reduction in sound pressure
in excems of the inverse distance loss is the absorption due
0 the gas itself, In the following year, Frickels'noanurod
the absorption of sound in {ive triatomic gases. He com-
pared the sound pressure of pure nitrogen to that of various

mixtures of nitrogen and the gas under test using a micro-

™




phone at a fixed distance from & sound source. In 1942,
Frick10 meagured the abasorption and diapersion of aound 1in
002 and NQO and also in mixtures of each gas with nltrogen

by the direct method.



III, THEORETICAL DISCUSSION

Moleoulur Absorption
13

Bourgin~~ has developad an expression for the sound
absorption per wavelength for a mixture of two absorbing
gases. As pointed out by Prick, the original paper cone
tained some typographical errors causing the expression to
be dimensionelly incorrect. THe corrected expression 1is

ﬁwk[»c,,( w)+ BCB(/ w )]

N 2,
A= .
- w)w&)(w?) R T e |
”(—?Q.*RX”C" ' __.a_) 2 (”(" , 85
24 |

8 A
where /éﬁ - Mtomity n:aorption coefficient per wave-
ength

(W = 27r times sound frequency
R = gas sonstant per mole.
N

= nuaber of molecules per unit volume of the
mixture ‘

A = number of molecules per unit volume of gas A
B = number of molecules per unit volume of gas B
A" vibrational specific heat per mole., for gas A
= vibrational specific heat per mole., for gas B

01 = vibrational specific heat per mole, for the
mixture

G. = specific heat per mole of the mixture at
infinite frequency

e
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ia proportional to the reolprcsal of the re-
laxation time for gas A

> is proportionel to the reciprouval of the re-
laxation time for gas B
Frick has shown that by regrouping Bourgin's expresssion for
:EA and ZSB and making use of Boltzmann's Distribution law,
it ia pcuaible teo write 5

- Uy

s

S s (1re 77/)
& /L] .7/"0” (

)

(%)

MM
]
\4]\
®
e W
~*
It
N

& 7, (5)

whers Tlo = Relaxation time for gis A

= Relaxation time for gas B

A
»
|

Characteristic temperature for gas A
Characteristioc tewperature for gas B

@
w
!

The above equations assume only one mode of vibration
to be active in sound absorption; hence, they cannot be used
rigorously to cslculate the relaxation time. However, for
most gases the mode of vibration correasponding to the lowest
characteristic temperature contributes a lerge percentage of

the vibrational apecific heat; consequently, it seema reason-

able to calculate the relaxation time using this partiocular
value of the characteriatic temperature.

For the apecial case of a single absorbing gas,
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Ao N, Bw O, and 2}3 = X, equation (3) becomes

L 7w A gyc;,

— — (6)
(. (C /r))[q) r<(/r£‘i/(,r ~_C’df /)]
Co C

Ve A~

When equation (6) is plotted against the logarithm of the

frequency a bell shaped curve results having & maximum ab-
sorption per wavelength

w K Cy

/éé y = ) 7 (7)
T CIC RN Gt G Y Coa Gy # R) | 72
) a% an angular frequency of
| S[ir&)ir G )] ™
a 17 Sq )1 ] (8)
X A ( C“'( Coof )-
When equation (8) is substituted back in equation (6)
w”u‘l
/L = _z7 ADC; w (9)

[CUG R NCr G R B[ e @2, ]

which is identical with the expression for the absorption
per wavelength developed by Kneser,
Another special case of Bourgin's equations (3) 1s

when the vibrational specific heats for each gas are small
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compared to the specific hoat of the mixture at infinite
frequency. (4i.e .{Z.‘Q' < 5% < ). Under these

Mo
circumstances equation (3) reduceu to

['Q/‘i//[ + Eﬁ BCB (10)
A/C(COOMD) wrZ k)‘fE;

Thia expression shows that the total abaorption per wave-
length is the sum of the effects due to sach gas indepcendent-
ly.

Although for the gaa mixtures used in this disserta-
tion the above approximations are not strictly valid, the
experimental results, which are discussed in a later section,

appear to be in approximate agreement with equation (10).

Determination of Specific Heat from Spectroscopic Data.

A check on the measured absorption coefficient can be
made by calculating the pertinent constants of the gas from
spectroscopic data. A reasonably zccurate value of the spe~
cific heat can be obtained 1f one assumes the moiecule acts
as a harmonic oscillator and the interaction between rota-
tion and vibration 1s negligible. The specific heat at

conatant volume can be deternined as follows:

C, = e lzR)t =, (48)+ C 4 (11)
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where <X, = number of degrees of freedom for translation
A - number of degreas of freedom for rotation
¢ = apeoific heat due to vibration

¢ﬂb'§ 7> P(,/,

where -2 = multiplicity of the 1 B energy lovel

/D( é"_ )- contribgégnogovzg:.:ﬁgimc heat due to the 1
The following paragraphs will be oconcernsd with the

explicit form of /D/"qé')"'/) The partition function for a

single mode ( V ) of vibration can be written as

Qiﬂ

nsy

s[m

where 9‘ = gharacteristic temperature of the 1-‘1‘- mode of
vibration

The above notati~n is rather misleading with respect to the

role of the multiplioity. When Py = 1, the series repreasen-

tation of the partition function 1s
“Yp - Ry ~ Féyp

Q:/»»e r e F e +
¢

However, for Py = 2, the series 1is repeated and the result-
ing product gives
- 8/ -8/ - 3:2/’,,,
(;) = [t e + J€ + Ye Fo-
v

[

th
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From thermodynamics, the specific heat may be written

23 a funotion of the partition funotion

(C) = H L7 L 2,7, ]

(12)

S - 772, )
4 :/?i-/..C{V. -../_.D(/ﬁ _...6{6'
C i/, \ O, 27 C)
v, 4 V (,( Vi
The above expresaion may be used to determine the contribu-
tion to the specific heat of any number of harmonics of a
particular mode. If one is interested in the apecific heat
due to all the harmonics of a particular mode, the a&bove

expraasion for Q ocan be put in clcsed form.

When this expression for Q 13 put in equation (12) it becomes

- 94/
e 7

i _ » (9.' )
(Cothy = 7 F( S

which 1s the function /1/5% we set out to determine. The
use of equations (12) and (13) will be demonstrated in the

sscotion on results.
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Attenuation Due to the Tube

For many years tubes have bqgn usad an & wmeans of
producing and gulding plane acouatic waves, In 1868,
Kirchhoff developed an expresslion for the attenuation of
sound due to the thermal and viscous losams at the walls of

the tube. In the notation of Rayleigh

LWz
'”’(7"(”3,’) }2‘:}?‘_ (14)

’ ; Y 'ﬁ
() (e 2) YT

, %
(;g?) Jlaplaco'l sound velooilty (adilabatic)

b-\

where

AN
1

7 //
= p%?) “* Newton's souna velocity (isothermal)

F
AL E 2% Kinematic shear viscosity

,O
Vo= 2;%5 thermometric conductivity
)
7 1 radius of the aound tube

Equation (1%) can be written in a form more usable for ex-

perimental application
2

/, , . y
o QL__/“)[L f_a(._@_)'sj(i}‘ (25)
T n rA r \C 7

where sll symbols have the same meaning as for equation (2).
Many inveatigationa of the tube effect have been reported in
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the 11terature}7”22 The maJjority agree the Kirehhoff equa- (

tion is correct ag te dapsndence on the rsdius, lrequency,
and pressure; in additicn, mosi of the investigatoras found
the messurad tube effect to be greater than that predinted
by Kirohhoff's equation. This differsnce between the salou=
lated and the observed attenuation ranges from a negligible
amount to as much as 15%.
Since the tube method was smpioyed for all attsnuation
reasurements for this dissertation, ths effect of the tube
was of importance, An uncertainty in the tube effect rang- i
ing from 0% to 15% could cause an error in the attenuation !
per wavelengwh of as much 28 4%, Conssquently, it was de-
ocided to measure the tube affect. As can be seen from equa-
tion (15) both frequency and pressure may be used as para-
meters, Since the Xirchhoff theory is restricted to plane
waves, thu frequency is limited to those values b&low the
cut-off frequency nf the first non-plane mode, Por & cyline
driocal tube the cut-off frequency for the first sloshing
mode am given by Horle23 is

L S5®¢/ C
u, = » (26)
where C = velooity of sound in om/sec

r = radiua of the tube in om

At atmospheric pressure and even at the uppzsr limit of fre-
Quency, the magnitude of the tube attenuation i1s a relatively

-



I

small quantity and offers gsome difficulty 1n measuring. Con-
sequently, the use ol an apparatus in which pressurc can be
controlled 1s advantageous. All uvther factors belny equal,

# reduction of pressure by & factor of 100 gives a 10 fold
increasge in wagnitude of the tube eflfect and a corresponding
increase in accuracy of experimental measmurement. The results

of thene meagurements are dlscussed in the section on results.

RPN |

[l



IV. APPARATUS

The apparatus used for this Inveatigation 12 shown in
the photograph on page 18 and is also shown in schematic fora
in Figure 1. The apeaker is moved with reapect, to the micro-
phone by & magnet which surrounds the sound tube. The sound

pressure 1s recorded as the distance betwean the speaksr

and the microphone is varied. The elope of this record yields

the attenuation coefficient. In addition a measure of the
sound velocity is simultanecusly made by measuring the J;l—
tance between points of equal phase, These meagurements

are repeated for variocus values of the sound frequency and
the gas pressure. A detailed desoription of the various com~

ponents of the apparatus is given below.

Jpeaker.,

In order to use the tube method for measuring the
absorption, either the speaker or the microphons must dbe of
the movable type. The decision to allow the apeaker to
move eliminated the possibllity of using a conventional
speaker. Therefore, the design and development of a speaker
small anough to fit inaide a small bore tube was initiated.
The desired properties for the apeaker were: ressonable
output from 2 to 10 ko without heating more than about ° c,
not over 1.60 cm in diameter, capable of moving freely

gy
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inslde a glasa tube, mountod in a manner to avold trans-
mltting mechanlcal vibration to the glass tube, made ol &
material which wWould not resct wilth the gasmes to be tested

or outgas in a vacuum, and ccupled to o signal generator in
such a manner as to minimize eloctromagnetic radiation. The
speaker whioh finally evolved is of the ribbon type. The
ribhon is made of 1/4 mil aluminum foil. The foil is mounted
on the spesaker houasing by a tapered tefelon ring which fita
snugly around the front end of the speaker housing. The rib-
bon 18 corrugated to eliminate any chance of stretching as
the ring 1s pushed in place. Elactrical energy is fed to

the foil by an air core transformer. The primary is a coil
of 115 turns of lu gauge copper wire, The secondary consista
of 3 turns of 14 gauge copper wire. The secondary is mounted
at the rear of the speaker housing and at a sufficient dis-
tance from the foll to be out of the region of strong mag-
netic field. This was done so as to reduce any mechanioal
vibration caused by the interaction of the magnetic field
with the current flowing through the transformer. A large
magnet carried on a cart whioch 1is guided by tracks running
parallel to the scund tube is umed to supply the magnetic
field for the ribbon. The pole pleges of the magnet are two
pairs of truncated cones designed sc as to concentrate the
magnetic field into two separate regions. The major field

is applied at the ribbon to interact with the current flow-

ing in the ribbon, thus causing it to vibrate and serve as

g

it

R il
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a pound gource. The remsinder of the magnetic fiald 1is
concentrated at a point 7/8 of an inch behind the ribkbon.

At this point 2 steel pin 1/4 inch in diameter and approxl=
mately 0.0 inohep long 1a wounted on the speaker housing and
in a direction parallel to the magnetic field. This serves
as a coupling between the speaker and the magnet which

cauges the speaker to follow ary movement of the magnet. The
speaker housing is made of glass to insure agnlnst outgassing
and any reactlon with the gases to be teated, To permlt
evacuation of the scund tube with the spesker in place and
also to eliminate any change in gas preasure when the apeaker
1s in motion, the speaker foil is allowed to fill only 2/3

of the croas-saectional area of the tube and the mpeaker hous-
ing is made in the shape of & hollow cylinder., To minimize
the transmisasion of vibration from the speaker to the glass
sound tube, rubber "O" rings with a tefelon cap are used to
support the speaker in the sound tube, The rubber servos as
& vibration inaulator and the tefelon cap reduces the fric-
tional drag of the apeaker on the glass sound tube. The
photograph on page 22 showa tho speaker in 1ts normal posi-

tion within the sound tube,

Miorophone,

As all acouatic measurements were made on gases at
preasures much ieas than atmospheric, a problem arose as to

the best method of connecting a microphone to the sound tube,

P
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A menbrane botwaon the mlerophone and the rarifled gas I1n
the seound tube wap trled., However, the acoustic losacs

due to the poor lmpedance matich were too great. To elim-
Inate the need lor a membrane, & speclal microphone was
designed which served both as a sound plckup and &8s a win-
dow for the sound tube., The microphone 1s of the condenser
typue. The mlorophone head was made from a sollid right
cylinder of aluminum which was machined to give a diaphragm
of .006 inch thickness. The head 1s threaded to fit a brass
block which serves as a connector for the two smections of
the sound tube and the mlcrophone, All conneotions were
designed to give a minimum change in cross-gectional area of
the sound tube 1in order to reduce sound reflections from the
miorophone, The connections are sealed with Apiezon A black
wax.

The backing plate was made adjustable, The spacing
betwaen the diaphragm and the backing plate was adjusted
while the sound tube was evacuated to give approzimately
14 4sef cmpacitance, A standard 640 AA pre-amplifier 1z used
in conjunction with the microphona, The compliance of the
diaphragm is8 such that the mlicrophone cuts off when the gas
pre2gsure in the sound tube approachas 300 mm of mercury.
Although the senmlitivity of the microphone 1s a funotion of
pressure, no problem 1s encountered as only relative values
of sound presasure at a {ixed gas pressure are rxrequired for

any particular determination of the attenuation coefficlent.

S Sty




ey

Likewlse, the frequency response of the microphone and the
accompanying eclectronic equlpment ius not an important [actor
a8 all measurements for a particular run are made at a fixed

frequency.

The sound tube was made of glass tubing. The tube was
selectced from a large group because of its lack of taper and
its circular cross-section., The radius of the sound tube was
chosen as a compromise between the correction necegsary to
conpensate for the tube effect and the highest frequency
permitted before other than plane waves would propagate
down the tube. As was shown in the previcus section the mag-
nitude of th¢ tube attenuation is inversely proportional to
the radius, hence a large radius would be desired to mini-
mize the correction for the tube. On the other hand, the
smaller the radius the higher the cut-off frequency of the
first non-plane mode, hence a higher limit for the usable
frequency range of the apparatus, Therefore, a tube radius
of .2%1 ¢m was chosen, The total length of the sound tube
is 120 cm of which approrximately 50 cm may be used for
measuring attcnuations. Fach end of the sound tube 1s ter-
minated with a conc of pyrex wool to eliminate reflections,
These terminations and the deoign of the microphone holder
climinate most reflections; however, at a tew isolated fre-

quencles a slignt standing wave pattern 1s observed on the

Sound Tube. -
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Aanand preessurn reraug {latance sncord. These stanalng
Mmynq 1re gpnbabiy tue ko regonances ot e amall rolumed
antwean the mierophona ilaphragme ind tae Hrasa D1lock snliun
anlds the micprophone .

The 2limination »f vibrations =ransmitted {rom tine
sprakar Lo the aocund tube was sne »f the meat Jdiffleult ax-
perimental preblioms to 3d3olve.  Ag mentioned ln The gecticn
an the apealar, a mounting of rubber ind tefelon i3 used
to reduce tnia vibratlion. Howaever, tila mounting ¥as not
adepnta tn aiiminate all vibratisn., Therefore, & rubber
11nk waa lnserted hetwasr, the microphone and the section of
the sound tube fn which the speaker traveled, This link was
Aenignad 8o as not to alter tne cross-gectlional area of the
sound taba and also to maintain the vacuum tightness of the
system, 1t consisted of a rubher washer held in compres-

nion and senled with a rubber sleeve,

gas Handling System.

in order to insure purity of the gas under test, all
sonnections from the gas source to the sound tube are vacuum
tight. This entailed a number of metal to glass seals and
metal to metal meals. The former were made by taking a hollow
brrasn eylinder the baese of which was drilled to fit a copper
tuhe which was silver soldered to the brass. The copper tub-
ing was placed concentric with the hollow brass cylinder and

cxtended & half {inch adove the cylinder. The glass tubling
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which fitted with approximately .010 inech olearance in the
brass cylinder was then sealed in place with Apiezon A black
wax. The metal to metal seals were wade by cqpverbing a
standard copper tubing fitting to tighten down on a »ubber
"0" ring, thus giving a removable vacuum tight seal, A
standard gas oylinder 1s used as the reservoir for c02. A
50 ml, glass flask with a ptopcock and & tapered joint is
used as a reservoir for the liquid 032. A specially designed
pressure flask made of brass is used f{or atoring the liquid
CoHyO. The gas handling aystem consists of three 1000 ml
flasks; two are designed for drying the gases and the third
i3 used as a storage flask into which the gases are admitted
‘for mixing. All flasks and gas reservoirs are ocontrolled by
appropriate stopcooka or valves and are connected so any one
of them may be opened to the sound tubs or to the vacuum
pumps .

A VWeloh Duo=Seal mechaniocal pump is used us a fore
pump and a small Distillation Product VMF 5 pump is used as
a diffusion pump. During the period of testing the vaouum
system, an ionization gauge was used tc measurs the pressure,
Now that the vacuum syatem 1s tested, two therwocouple gauges
are used to measure the pressure before cach gas sample is
admitted to the sound tube for test. During the acoustiocal
VenL, Lhe gas pressure is Goterminsa vy & uLrovin Vacsuum
Gauge for presswres ranging from 1 to 20 mm of Hg. and by

& closed snd mercury manometer for pressurss above 20 mm

i S — -
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Recorder.

The recordsr uased is a Sound Apparatus Company model
FR, For measurements of large attenuation a 40 decibel po-
tentiometer is employed and for low attenuations a 20 declbel
potentiometer 1s used. A gear and rack system 13 used to link
the speaker magnet mechaninally to the recorder drive. The
ratic of the distance traveled by the speaker to the distance
the recorder papsr moves with respect to the recorder pen
was measuresd and is cheocked periodiocally. The acoustioal
reaponse of the recorder was checked and found to he within

the accurscy of the distance measursments.

Electrical Arrangement .
A Hewlett Packard model 205A Audio Signal Generator

i3 used as the electrical sourcs for the ribbon speaker,
The signal from the gensrator is amplified by a standard
power amplifier and is fed to the primary of the alr core
transformer which serves as a coupling to the speaker, The
sound signal then passes through the gas undar test and

is picked up by the condenser microphone., The microphone
signal is then tranamitted to a Western Electro=-Acoustio
laboratory Condenser Miorophone Complement type 100 B, The
signal then passes through a variable L.C, filter and to e
Hewlett Paokard Amplifiecr model 350 A, The signal is then
fed to the racorder and alsc to & Hewlett Packard Vaocuum

Rttt

3

e

——
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Tube Voltmeter model 400 C, and then to a Du Mont Oselllo- ?

graph type 205 B, z;
In order to determine the wavelength of the sound ‘

simultaneously with the meapurewent of the attenuation co- ‘

efficient, & signal from the microphona and a signal from

the audio generator are put across the vertical and horlzon-

tal pletes of the oscillograph respectively. The two sig-

nale form an ellipse on the acope acreon which opens and

closes as the distance between the speaker and the mioro-

phone is varied thus permitting wavelength measurements,




V. EXPERIMENTAL PROCEDURE

The room in which these axperiments were made was
well insulated and thermeostatically controlled to within
2° C. The average rcom temperature during tests was 23 C.
The entire system, including the sound tube and the gss
handling system up to the gas reservoires, was first evacu-
ated for A8 or wmore hours, The vacuum was then checked by
the thermocouple gauges to insure outgassing had stopped
and no lesks vere present. The gas to be uzed was then
admitted to the drying flask (in the case of CO, and csa)
or to the drying flask minua drying agent (in the ocase of
czuno). The gas remained in the drying flask for 48 or more
‘hours during which time the pumps were still on the sound
tube. One hour before 2 run was to be made all eleotronic !
equipxant was turned on to insure frequency stability of the
generator and also to allow the sound tube to come to tem-
perature equilivrium., The gas was then admitted to the sound
tube at the minimum pressure for which a signal was obtained

sufficiently above the noise level of the system, The gas

pressure was then measured and mecorded. The signal gener-
ator was set at the high 1imit of the frequency range. The
reanorder was then started which in turn caused the speaker to

move away {rom the microphone. As the sound pressurs versus

et s i | o

""“"-u--..J
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distance record was belng made, the oscllloscope wae watched
angd at each closure of the allipse the record was indexed,
After the spaaker had traveled 1ts full distance from the
mierophone the redorder was atopped. The recorder motor was
then reversed and another run was made in the opposite di-
1regtion at the same pressurs and frequency. The frequensy
of the generator was then lowered and another pair of runs
was made, This continued until the frequency range waa
spanned and then the gas presaure was increased and the entire
process repeated. This was ocontinued until the entire fre-~
quency over pressure range was coversd. These tests were
made in the minimum time possible to reduce any shift in the
absorption curve due to changes in impurities present in the
tube,

The records of the sound pressure versus distance were
then arnalyzed., The slopes were measured and the distances
between indices wera determined., The measured slope, X,
and the wavelength, /1 , ware tabulated against the correspond-
ing value of pressure and frequency. %hese data were then
corrected for the tube effect and the classical absorption.
The tube correction waa calculated from equation (15) using

the appropriate conatants and the ocorresponding values of

e

ha Prpouanny and sraspura,. The csloulated value was then
waltipliad by the experimental fantor of 1.045., The clas-
silonl correction was deterxined by inserting the propsr gar

conatants and the corresponding values cf frequency and pies-




sure lnto equation (2). The two corrections were subtracted
from the measured attenuation coefficlent leaving the at-
tenuation coefflcient of the sound pressure dus solely to
the rhenomena of molecular ahsorption in decibels per om.
This value was then multiplied by the measured wavelength

to give the attenuation per wavelength. In order to compare
this value wlith the theory, the converaslion factor from deci-
hels to nepers had to be applied, To cenvert {rom pressure
attenustion to intensity attenuation a factor of 2 was en-
ployed. Therefore, to convert the measwred attenuation co-~
efficient to the intensity attenuation per wavelength the
following procedure was employed.

0(\? = of = (O(,;,, - dc) (17)
. a0, Wi
iy, (28)

= attenuation due to molecular absorption in db/cm
= attenuation measured experimentally in db/om
= attenuation due to the tube in db/cm

attenuation due to viscosity and heat conduc-
tion in db/cm,

= measursed wavelength in om
= intensity attenuation ocoefficlent per wavelength

where

}h » R R R KX
[ ]

The valiues 0://4 were then plotted againat the
logarithm of the ratio of frequency over preasure in kilo-
oyclea per atmosphere., These curves will be presented in the

next seation,




VI. EXPERIMENTAL RESULTS

Tube Effect.

Both air and nitrogen were used to measure the tube
effect as they exhibit only a negligible amount of molecular
absorption in the frequency over pressure range of intereat.
The gases were first dried over P205 for 48 houra, and then
the attenuation ocoefficient was measured. The procedure used
for thesrs measurements waa identical to that described in the
previous section, The classical absorption was subiracted
from the measured attenuation leaving the attenuation due
aplely to the tube, Two runs were made for e¢aoch gas. The
results of these tasts were plotted againat the ratio of
frequency over pressure in Figures 2 through 5. The beat
straight line was drawn through the experimental points,
Averaging the two curves for air, the best straight line isa

expressed by _ _ £14
XKy T -175/;) a/ef/am

when £ 1s exprensed in kilocycles and p is expressed in mm

of Mg. In order to compare thls experimental value with
the theoretical expression, squation (15) must be uaed

Tk ()%
rI A TR T TG i
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The constants for air at 230 C are

K = 50,7 x 1070 cal/om-sec-deg
¢ w 182,1 x 107° poisen

J = 1,403

v 2171 cal/gm

X
U;-“-- 1.82
r= ,841 ¢cm

O
|

This results in
c(r = ,203 (r/'p)l/2 db/om

Hence the Kirohhoff equation i3 low by &.5% for the gless
tube used,

Por the ocase of nitrogen, the expression for the
average of the two atraight lines is

onm o271 (1'/;.\)3‘/2 db/om

and again, using equation (15) and the following constants

for nitrogen at 23° C
6

X = 56,7 x 107 ocal/cm~sec-~deg
A« 176.5 x 1070 poise
¥ = 1,404
Cy = «176 cal/gm
X
m 1.83
Cgac

one obtains for the calculated tube effect

o = 1259 (2/9)/% au/om
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and this is found to be ¥ 6% lower than the ohmerved value.
As mentioned in the previous discussion of the tube
effect, many inveatigations concerning this problem have
been made, The results of these inveatigations indicate
that the Kirchhoff equation is lowor than the observed value
by a factor ranging from a negligible amount to as mich as
154, Since the magnitude of the tube effeat measured by
this writer is considarably larger than that measured by the
other inveatigators, it is felt these results are probably
more acourate, Conssquently, the tube correction used
throughout this work was determined by multiplying the value
caloulated from equation (15) by tho experimental factor
of 1,045,

Measuremsnts on 002.
wesd wazm of the cowmérvial grade and was con~

tained in the usual pressure cylinder, Thi gas pressure was
ocontrolled by a regulstor which war terminated with a Hoke
needle valve, A copper tube was used to connevt the cylinder
to the co2 drying {lask. The regulator and copper line were
flushed with 002 hefore they were conneoted to the system,
The system up to the regulator was then evacuated, After a
sufficient time, CO2 was admittad to the drylng flask which
was partially filled with P2O5. The CO, was allowed to ro-
maln in contact with the drying agent for 48 or more hours,
During the drying period the flask was periodioally rotated

-

[ il
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to break up any cruating of the P205 so as to increase the
drying rate,

The dry CO2 waa then admitted to the sound tube and
the measurement of attenuation coefficient and wavelength
were made. The measured attenuation coefficient was then
corrected for the tube effect and for the clasaical absorp-
tion. The tube correction was determined by using equation
(15) and the following constants for o, at 23° ¢,

K = 36.6 x 10™° cal/cm-sec-deg
At = 17,1 x 10=0 polses
1.304

v = +157 cal/gm

K
c'— - 1-59
VM

2o
] R

After appliocation of the experimental factor of 1,045, the

tube ocorrection became

Xy = o234 (£/p)/2 av/em

where [ = frequency in ko
p = pressure in mm of Hg

The classical correction was calculated from equation
(2) using in addition to the constants previously listed

Mwih,0gm

¢ = 27,000 cm/sec

Rowo,51% x 100

T o 296° A

- "



ko

thus giving for the uvlassiocal correation
f2
X = .00092 3 db/cm

wWhan { = [requency 1in ko
p = pressure in mm of Hg.

After all meamured attenustion coefficients were cor-
rected, they were converted into the Iintensity attenuation
per wavelungth, (., The values of «{ were then plotted
against the logarithm of the ratic of frequency over pres-
sure and are shown in Figure (. The solid curve was deter-
mined from Bourgin's expression for a single gas, equation

6 ) - -
(6) ¥ 2 K2, Ciw

CClCarh)[ W e 3] (17 )i 5]

using the following conatants

Cy = 1.809 oal/mole
Coc = %.993 cal/mole
R = 1,986 cal/mole
s

s = 1571 x 10° gec™?

The determination of these conatante is explained in the
following paragraphe,

in order to detes=si-_ 'l ol z for equation {6)
one must considexr the spectrossoplc data in the manner dis-~
cuased in the section on specific heats, The charaateristio

temparature is determined from the wave number of the mode

P,
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of vibration bhy

O -5V w139V

The contribution to the vibrational specific heat for each
vibrational mode is determinod by equation (13)

. e J P e:'ébﬂﬁ
Cog) =7 T4
( b/)( (/ (/ _ e-—-g'/r)z

The total apecific heat at constant volume can then be com-
puted fromw equation (11). Since CO, is a linear moleculs,
it has only 2 degrees of freedom for rotation. The apecific

heat at oconatant wvolume then {u

R
Cy = §r + Cyip

The specific heat at infinite frequency is determined by

Go = Cy = Cy

where cA is the vidbrational specific heat contributed by
those modea of vibration which are activated by the presence
of the sound wave, cA is determined by using the partition
function in series form. The series is made up of only thoase
harmonics of a particular mode which are sonically activated,
The partition function is then differentiated twice and the
resulting expressions are subatituted in equation (12). The

sus of the contributiona of each mede gives the vibrational




apacifio heat due to -“i.# sound wave. Table I shows the re-
aults of caleulations Cor co.,. When the calculated values

for the apecific neata aro put into equation (7) one [inds

the theoretical value of the oaximum attenuation per Wave-

length to bLae

A
“max = 5%

This calculated value of L%nx aomperes well with the experi-
montal value of Plgure o, To determine the final constant
required for equation (6) one rmust use the experimsntally

deterwined frequency of maxisum absorption in equation (8)

<« Uine s -
7= = [T X0 e
& [ , - ’,o:‘
4 (e )t =4 ) J
-y Cf-” * Q

Now that the value cof ZEA is determined, ons can oalculate
the relaxation time by using equation (&)

Ny .
R H / p ‘ﬂ/y, ) - o
/ T = ;o R / T Lb/ X /0 Jac
10 2 *
A

In recapitulation the results for 002 are as follows:

Ay = 255

rnlx = 33 ke

=, = 1.571 x 10° sec
A

10 *

The theoretical curve {itp the experilmental data best 1L one
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TABLE T
SPECIFIC HEAT DETERMINATION FOR CO2

Mode of Wava }130. (‘9) (cv%‘:l
Vibration - deg cal le
()f) (Cm )
Va 657.3 960,2 1,766
3V o % A 1285.5 18%49.8 .128#
1388.3 1997.8
%- Vs 1} U 1932.5 2781
2076.5 2988
1f3 2349.3 3381 .003
1,897

— [ - e m———

C‘Z =/ r R e-a’/wf 2 [e—ﬁ/m, e ”/?"7:: [, 08LE

2
. -4
Q=7 4/[e v, e ] s 100r93

C, = 1.869 cal/mole
c, = 6.862 cal/mole
Coom 4,993 cal/mole

Contribution due to !/, mode only.

e = e — ———
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umsumes the sonically aotivate vibraiional modes are ti
first two harmonics of the deformation mode and the funda~-
mental of the symmesrical valence mode. It then follows
that

C, = 1.869 vai/mole

Cv = %.993 cal/mole

The reproduciblility of resultas for 002 was good, The
results for three individual curves for 002 were

,,fg“ = ,255 at 33 ko

g ™ 253 &% 37 ko

"‘iai = 255 at 35 ko

The value of «¢_ . compares well with that of Leonard

(/“&nx = ,251) and of Priok’L/“h‘x = ,249); however, it is
much higher than that of Priocke L”“hax = ,230), The probable
reason for this difference 1s that Fricke measured the at-
tenuation in 002 diluted by nitrogen and axtrapolated to the
condition of 100% coz. Prick has shown this extrapolation
to be in error with a result that the attenustion coerffi-
clsnts are %00 low, Since the frequency of maximum absorp-
tion incrasses at a 1rapid rate with &n increase of impurity,
one would expect a wide variation in tuax, with the lowest
value being clomses? to the true valus, The value of fnnx

measured by Loonard varied {rom 30 to 45 ko, that measured by




ho
Prioke wap 20 ke, and that measured by Frlaok was 23 ko.

Measuremants on gaa.

The 082 used was in the liguid state and was the pur-
eat obtainable- from the Eraun Corporation. It was purified
by wvacuum diatillation and then dried with P2°5' During the
final diatillation the vapor was condensed in a 50 ml, flask
which was clossd by a stopcock and connected to the tent ap-
paratus by a taper joint. Because 032 attaocks stopcock
grease, rubber, and wax, the vapor was permitted to remain in
the sound tube only long enough for measurements to be made
and was then removed from the system with a roughing pump.
Dow Corning Silicone Vacuum QGrease was used in place of the
normally used Aplezon M vacuum grease, for the liquid
reservoir and also for the drying flask where the CS2 waz
held fozx a considerable time, Although the 032 slowly at-
tacked the silicone grease also, it was found the absorption
poak was not affected. The entire system up to the 082
reservoir was evacuated for 38 hours, The pressure was then
checked to insure outgassing had stopped and no leaka were
present. The reservoir stopcock was then opened und the 082
atopcock was evaporated into the drying flask until the
pressure in the flask was equal to the vapor pressure of 082
at 23° C., The vapor was permitted to be in contaat with the
P205 for 48 or more houra. The dria2d gas was then admitted

to the sound tube and the measurements of attenuation and

—tny




wavaiength ware made,
These data were then correctsd in the sawe mannar as

thoae for 002. The constants uwaed for 032 were:

L

K= 17.4 x 107" qal/cm-sec~deg

w99 x 107V polses

3
[

.121 ond/gm
J = 1.28

K ;
w 1,45
T it

After applying the experimental faactor, the tube effect was

found to be

0@ - 189 (1‘/1))1/2 db/om

wvhere f = {requency in ke
P = pressure in mm of Hg.

The olasslcal absorption correction was determined from

equation (2) using in addition to the conatants listed above
M= 76,0 gm
C » 20,300 cm/mec
T » 296° A

thus giving for the classical correction

X, = 00085 £2/p db/om

where [ = frequency in kc
p =~ pressure in mm of Hg. \

- —
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After all measured attenuation coefficlents were corrected,
they were convarted ilnto the intensity attenuation per wave-

length and plottad against the logarithm of the ratlo of fre-

quency ovaer pressure, Theme dats are shown in Rlgure 7. Agaln

the 80lid ocurva was determined by uaing Bourgin's equation

(6), where the constants used were

Cp = 3.079 cal/mole
Coe = 5.197 cal/mole
R = 1.986 cal/mole
> 6 «l

B " 1.576 x 10~ mec

The above constanta were determined from the spectro-
scopic data as was dons for coe. fable IL gives a tabula-
tion of thease results for Cf‘-a. When the ralculated values
for the apecific heats are put into equation (7) the theoret-

ical value of the maximum attenuation por wavelangth 1s

.- ""‘mz » 383

which 18 in good agreement with the experimental value of
AL

max
is ‘EB which is determined by using the expsrimental value

= ,382, The final constant required for equation (6)

of £ ., in equation (8)

wmaz ‘ i ~/

- ST xD JSec
B 4
(1+S8 )(1 + ~.__a__
[ /fc )( )]

R
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TALIE II
3PECTFIC HEAT DETERMIMNATION FOR CS’P

[ ——— < - . g

Mode of Wave No. 69

- (Coap)
ke (om™) (doB)  5al oo
Vs 396.7 570.9 2.940
2V, 796.0 1145.0
3V, 1190.1 1712.6
RV, 1586.8 2203
vV, €56.5 9b, 7 .905
2V, 1313.0 1889.0
Vs 1523.0 2192 . 066
3.911
-84 - & ~ 6y
(P = 1 +Re My e /7 rve L L3657
TR

-8, -4
Q/-‘- /I + e /p'fe //;7": /70928
Cp = 3.679 cal/mole o

¢, = 8.876 cal/mole
Coo ™ 5.197 cal/mole

Nk "'E-..,NJ




With the value of qu dotermined, the relarxation time may be

calculated using equation (5)

o -4, -«
T R R S
7

;%9

In recapitulation the resulta for 082 are as f'ollows:

et - 382
f = 403 kc
-2 1.57To x 10° sec~!
TIOB ~ 727 X 1070 sec
The thaopretiocal ocurve f'its the experimental data beat if one
assumes the sonically activated vibrational modes are the
first threa harmonics of the deformation mods and the first
two harwmonics of the symmetrical valence mode, It then fol-
lows that
Cp = 3.679 cal/mole
Co = 5.197 cal/mole

The reproducibility of the results for 082 was good,

The results of four separate runs were

et = 382 at 403 ke
.381 at 402 ke

-
~
[ |

.387 at 406 ke

N
N
]

.392 at O ke

™
~
B

P



The only other measursments made cn CR_‘a whioh could
be found in the litarature are thome of Pricke. His values
wera (%mx w 400 and fmax = 3/9 ke, HDecause 032 vas some-
what out of the frequency range of PFricke'a equipment, he
was able only to moas:re the absorption coefflolent for the
lowsr 1/3 of the curve. This resulted in some uncertainty

in his valuea of the peak helght and peak frequency.

Mezsurements on Mixtures of Q. and C3,.

The gases used were prepared for test in the mamner
described in the previoua fwo sections. The concentration
of each mixture was determined by filling the storags flask
to a certalin pressure with 002 and then 032 wap added until

the final preasure was such as to give the desired concentre-~

tion, The two gases were allowed to mix by diffusion. The

thoroughneas of the mixing was checked by perliodically taking
samples from the storage flask and checking the reproducibil-

ity of the measured velocity. It wan found approximately

one hour waa requlred for adequate mixing of th? u=u gzge= at

room temperature. The mixture was then admitted to the sound

tube and the attenuation coefficlent and the wavelength were
measured for the complete range of frequency over pressure,
The tube correction was determined by assuring the wall
loassen for each gas were proportional to its conoentration,
Similarly, the classilcal correction was determined by multi-

Plying the correcticn for each of the pure gases by their

s



)

radpective concentrations and taking the sum as the total
ocorrection., Reasuwrements wero made for oconcentrationa of
€O, in C3, varying from 100% to 0%. The results of these
measursmenta are shown in Figures 8 through 13. The dotted
line represants the bvapt it of Bourgin's theoretiocal curve
to the experimental data, and the s0lid line 18 the theo-
retical ourve determined from equation (3). The calculatlion
of the solid curve and a comparison of it with the experi-
mantal results will be discussed in a later section. As
Figures 8 through 13 show, there is & pronounced shift in
psak height and peak frequency as the concentration of 002
is reduced. The shift in peak height with concentration of
CO_, 1s shown in Figure 14, and the shift in peak frequency

2
with concentration of 002 is shown in Pigure 15.

Measurements on Ethylene Oxide.
In order to make this dissertation more complete,

neasurenents on another mixture of absorptive gases was
deemed necessary. To bcat study the effect of mixtures, the
relaxation times of the two gases should be ans different as
the range of the squipment will permit, 3ince the relaxa-
tion time for CO2 is such as to ceuse the absorption peak

to fall at the low end of the {requency over pressure range
of this equipment, 1t would be advantageous to choose another
gAas whose abasorption peak would occur near the high eand of

the frequency over pressusre range., Of the gases conaldered
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for thie aecond mlxture, ethylene oxlde was choaen because
the molecule 18 more complex than CSR' thus offering a con-
trast beftwecn the two mixtures, and also since a preliwminary
teat on the gas gave evidence the absorption peak would oc-
cur near the high end of the f(requency over preasure range.
The ethylene oxide used was of the higheat purity avall-
able from the _astman Kodak Chemical Company. A more elab-
orate drying procedure than that used for 002 and CSE was ne-
ceasary as the ethylene oxlde reacted with all the suffi-
clently cffecvive drying igents tried. Consequently, the
liquid ethylene oxide was further purified by vacuum distil-
lation, A glaas manifold was used to which three H0 mi
flasks and a specially designed biuss pressure cylinder were
connected in parallel, The manifold was also connested to a
vacuum pump and a mercury manometer. The first f'lask was
f11lsd under vacuum with liquid ethylene oxide. The remainder
of the system was evacuated, Flask No. 1, with the ethylene
oxide, was cooled to -78°C and pumped on for 2 minutea. Theo
pump was clogsed off and flask No. 2 wams coolad to -78° ¢ and
rlask No. 1 placed at -40° C, The ethylene oxide was allowed
to distill over until approximately 1/8 of the original vol-
ume remained, then the stopcock of flask No. 1 was closed.
Plasik No, 2 was pumped on for 2 minutes., Flask No. 3 wasa
cooled to -76° C and flaok No. 2 was placed at -40° ¢C. The
ethylene oxide was sgain allowed to distill until 1/5 the

vaolume remailned in flask No, 2. Then flask No. 2 waa closed

R SIS Ly
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off and the pump was put on flask No. 3 Tor  minutea. The
brass pressure cylinder was next cooled to ~78° C and flesk
No. 3 was placed at 40° ¢. The ethylene oxide wan agaln
allowed to distill over until 1/8 of the volume remained in
flask No., 3, The preasure cylinder wag closed off and trana-
ferrud irom the manifold to the acoustic apparatus,

The purified ethylene oxide was then admitted to the
sound tube and the attenuation coefficlent and wavelength
were measured, Thene results were then oorrected for the
tube effect and for the classical avsorption. The determina-
tion of ths constants required for these corrections offered
some Aifficulty, However, after an extensive literature sur-
vey a2 value for the heat conductivity of 25.40 x 10"'6 cal/cm-
seac-deg was found in Chemical Abstracts 39kO for 1934, The
specific heat at constant pressurc of ,2vl cal/gm was found
in the Journal of Chemical Physice 8,020, 1950. No value
for the viscosity of ethylene oxlide vapor could be found.
However, asince the viscoaity of a gas is dependent on ita
molecular structure and aize, the viscosity was estimated
by bracketing 1t between two gasaes of simllar atructure and
size. The two gases used were cyclo-propane (CBHG) with a
viscosity of 83.5 x 10'6 poise and ethylene (Czﬂh) with a
viscosity of 97.0 x 10'6 poise. Since mihylene oxlde 1 more
similar to the former, a viscosity of 88.0 x 10”" poime was

decided upon. The ratio of the mpecific heata was calculated
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from the measured sound velocily glving - 1.23. Applyling
theae conatants to equation (195) and equation (2), the cor-

rection equations for athylene oxide ax :30 ¢ are

X w L1TH (f/p)l/u db/cm

T
I P '"2‘ 2 .
X o= H.02 x 1077 £ /p Ab/cm

when f = frequancy in ke
P = prossure in mm of Hg.

All the measurcd attenuation coefficients were corrected

and converted to the intensity attenuation per wavelength.
The results for C?Huo are shown in Figure 16, The solid
curve was determined by using Bourgiu's equation (0), where

the constanta used were

Cp = 3.107 cal/mole
C. ~» 0,325 cal/mole
R = 1,980 ocal/mole
S m 2.90 x 10° seo™?

B

The above constants were determined from apectrosoopioc
data in the same manner as was done for C02. The ethylene
oxide molecule 1a made up ol seven atoms and thus has 21
degrees of freedom. Since 1t is not a linear molesule, there
are 3 degrees of freedom for both rotetion and translation.
The remalning 15 degrees of freodom ure for vibration., Herz-
bcrgeu concludaes that in the ethylene oxide muleccule, the

three heavier atoma form an isosceles trlangle and the two

v
AR e e
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CH2 groups form plenes at right angle to the €,,0 plane, The

modes of vibratlon for ethylene oxide erc as follows:

Mode Wave Number (cm=-1)

C-H stretching V1 and V9 3007
v, V]3 3001

CH2 doformat?nn V2 1487
V10 1409

¢,0 deformation V3 1267
Vio 863
v5 806

CH group perpendicular

and symmetrical to Vy 1120

C20 plane but bvending v 1153

with respect to y=z 11

" plane

CH groups moving in vﬁ 13719

their plane Vig 1183

Cli groups twisting V& 1023

with respect to their

axis of ayumetry TOk

V15
Table III gives the reasults of the specific heat caloulated
for ethylene oxide. When the calculated values for the spe-
cific heats are put into equation (7) the theoretical value

of the maximuw absorptinn per waveclangth in

“pax = 208

The calculated value of <4< coupares well with the experi-

max
mental value of Flgure 16. To determine the final ccnstant



o'l

TABLE 111
i
SPECIFIC HEAT DEJERMINATION FOR C,H,0
Mode of wave No. & (¢ ) (
viv’y .
V1?§23i°n (cm‘l) (deg) cal/mole
'15 704 1013 L8114 .7118
T 800 1100 6303 5789
Vi, 363 1242 Hh2o .5108
12
l/8 1023 i472 L3448 .3350 '
. i
Iy 1120 1012 2563 .2510 i
Ve Yoy 1153 1659 4626 JAs52k |
Vg 1267 1823 . 1000 1571
;/7 1379 1934 .1098 . 1092
20 1469 2114 ,0303
1f2 1487 2140 .0753
Ve LGB 3000 4327 .0002
3.474 3.107

———

¢ The contribution to tha vibrational specific heat due only
to the fundamental of the particular mode of vibrstion,
This value wan determined by using the partition function
in aeriles form in conjunction with equation (12).
CB = 3,107 cal/mole
C, = 9.432 cal/mole
Go = 0.325 oal/mole
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-
AEB required for equation (6) one must use the exporimantal

value of the frequency of muzimum absorption in equation (8)

A -/
'\: - M'{‘:’ k- R 7 B S R N S

o - e e
L s ta
(;lf‘a (":00 -

The relaxation time can now be determined from equation (4)

) ) _
77 U: --»l—. ( (& 8/77) =, I5¢C x 74 é Jec
10 EB

In recaplitulation, the results for CQH“O are as
follows:
A aax = <259

fmax = DLO ke

S p = 2.90 x 16% sec™?
R

Ty o = .356 x 107" sec
The theoretical curve fits the experimental data beat
if one assumes the sonicslly rativated modes are the funda-
Nﬁn“l Of VS' V“'p US. Vr(’ ’Jfap V lf -~

127 Vige “1ys and
b’ls. It then follows that

Cp = 3.107 cal/mole
Cx = 0.32% cal/mole

The reproduciblility of data for czuuo wag good. The

rasuits of three individual runa were

T —

e S ———
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it m 258 at L8O ke

ot d
van ™ LA00 at LAOQ ke
Atpae ™ 200 at LhO ¥e

The literaturs does not reveal any acoustic measure~
rents made on ethylene oxide; however, W. Gri.f.‘ritha5 nea-
sured the vibrational relaxation time of a number of gases
by using a steady flow of gad through a Jet. He measured the
relaxation time for ethylene oxide at 1.23 x 1070 sec. Con-
sidering the acouracy of his method and alsc the use of the
lowest characteristic temperature only in equation (%), the

agroeement is fairly good.

Meaaurerents on Mixtures of CO, and C.H,0.

The individual gases were prepared for test as de-
soribed previoualy. The concentration of each mixture and
the corrections were determined in a similar menner to that
used for the CO, - C3, mixture. The resulis of measurements
made on mixtures of CO2 and czu‘o are shown in Figures 17
through 21. The solid curve was determined from Bourgin's
equation (3). As in the czase of the other mixture, the
peak frequency inoreases as the concentration of 002 is re-
duced. The psak height 1s practically constant as the con=
centration ia varied because the absorption of each of the
pure gasez 1s almoast identical. Pigure 22 shows the depend-

ence of the peak frequency on the concentration of COQ. A

e _ .

v J
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comparlson of Figure 1% for the €0, = €5, mlxtures wlth

Mgure 22 for tLhe €O, - CH,0 mivtures reveals for the lat-

[

ter mixture a linear dependence of rmnx on concentratlon,

while for the f(ormer mlxture the dependence is far from

linear,



Y1I. COMPARISON OF THEORETICAL AND EXPERIMENTAI. RESULTS

Pigurea 6, 7, and 10 show the good agreemant between
theory and experiment for the pure gases. To make a similar
comparison for mixtures of two absorptive gasea, equation
(3) must be employed. A knowledge or.EEA and JEB are re-
quired in order to use equation (3). As mentioned previous-
ly, ZEA and EiB are approximately equal to the reciprocal
of the relaxation times of gas A and gas B respectively.
From & kinetic theory point of view, :E;oan be thought of
as the transition rate between the excited and the normal
state of the molecules. For a mixture of gas A and gas 3,
the number of transitions per second per unit volume for
gas A ia given by

-~

AA.AI'II +8 [, (19)
where A number of molecule per unit volume of gaa A
B = numher of molecules per unit volume of gas D

A r;l = number of transitions per second per unit volume
of the A type molecules caused by A-A colllisiona

number of transitions per second per unit voiume
of the A type molecules caused by A-B collipions

B,

Correspondingly, the expression for tha transition rate per

unit volume for gas B 18

—— ——

—
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whare B f;q = number of transitionu per sacond per unit
voluma of the B type molecules caused by BB
collisiona
Af;i = number of transitions per soocond psr unit
volume of the B type molecules caused by B-A
collisions
Consequently, to compute ;fA and ZEB for various mixturas of
gas A &nd gas B, one must know the value of A F;l, B [12'
R f;?, and A [;1. For a pure gas, the contribution to the
transition rate due to collisions of different type molecules
is zero, Therefore, A f;l, and H f;é may he determined from
the experimental ourves for the pure gasen. For a mixture
in which gas A is only slightly diluted by gas B, cne may
consider gas B a3 an impurity. In such a mixture A 11 is
the hasic transition rate and B [;2 is the amount ocontributed

to 1t by collisions of A type molecules with B type.

gga_: C3, Mixture.

As can be mseen from Figure 15, rmax has approximately
a linear dependence ori concentration near 100% and 0% CO,.
Conaeguently, B f;e way be evaluated from the sxperimental
curve of 91.6% CO, in CS,. The results of applylng the ex-
perimental data to equation (8) and (19) show B F12 - 2,74
x 106. Correspondingly, the axpsrimental data from the
10.7% €O, curve and equation (8) and (20) yield Af’él = 1.30

hA 100_ Thase valuea were then adjusted to allow the maximum
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of the theoretiloal curve for the #9.8% €O, mixture to ocour
at the measured Crequency. The adjuated values of the

trangaition rates are

< 6

<:A w [.15T1x + 2.70 (lex)] x 10"

S g = [1.576(1-x) + 1.20x] x 10°

whers x = A/N concentration by volume of CO,
(1-x) = B/N oconcentration by volume of cs,

Admittedly the above procedure is rather crude; however, it
is the only siwmple method available for determining the re-
quired conatante,

Uaing thé above expressions for ZEA and EEB in equq-
tion (3), the attenuation per wavelength,.“C, was calculated
for various ratios of frequency over pressure for the varlous
concentrations of o, in C3,. The results of these calcula-
tions are shown as the solid curve in Figures 8 through 13,
For each mixture the general shape of the experimental
curve comparos well with the theoretical. 7The measured ab-

sorption maxima is slightly higher than the calculated values

as follows:

%CO Meaaured Calculated 9
2 A qux A max difference
91.7 .261 BT 5.4
72.6 297 .291 2.0
66.3 .318 .310 2.5
49.8 .343 .328 4
2h.2 .373 355 4.8
10.7 . 305 <371 3,0




4o
The differenca between the absorptlion measurad expari-

mentelly and that calculated from Bourgin'a general expras-

sion (3) is mlightly greater than the experimental error
which 1s eatimated to be loas than 2%,

O = CoH,0 Mixture.

In general the experimental data for this mixture
were wore reprofucible and gave smoother curves than for the
CO2 - Cs2 mixture. A possible explanation is the CO2 -02H~0
mixture is less sonsitive to slight variations in impurity
ocontent.

The transition rates for this mixture were determined
in a similar manner to that uaed for the coﬂ - 082 mixture.
The experimental data from the 89,9% and 10.8% CO, ourves
were substituted into oquatiors(8), (19) and (20) and
ylelded B/, = 3.178 x 10° and A/, = .315 x 10%, These
values were then adjusted to allow the maximum of the the-
oretlioal curve for the 49,8% €O, mixture to oocour at the

meapsured frequency. The adjusted values of the transition

rates are
EA = [.1570x + 2.80 (1-x)] x 10°
Sp = [2.90 (1-x) + .315x] x 10°
Using the above values for EEA and ;Eﬁ in equation (3),

the attenuation per wavelength, <7, was oalculated for vari~-

ous ratios of frejuency over pressure for the various

Y m—

-
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concentrations of CO, in C,H,0. The results of these calcu-
lations are shown as the solid curve in Pigures 17 through
21. The agreement between theory and experiment is mch
better for this mixture than for the CO, - C3, mixture. The
difference between the calculated and the observed attenua-

tion are well within the experimental error.



VIII. CONCLUSIONS

Equipment .
From the performance of the equipment and the dats

obtained from it, the following conclusions are presented.
1) The tube method may be included in those methors
which are capadble «f measuring the molecular ab-
gorption of sound in gases.
2) The apparstus developed has the advantage of:

a) Accurate control of pressure which shifts tho

absorptioh peak to any desired frequency ra/ge.
b) Requiring a relatively small quantity of tes<t

gas, thus reducing the gas purification probiam,
¢) Producing a sufficiently intense sound fielc,

thus oppable of measuring the attenuation in

highly absorptive glsés.

Experimen%tal Results.

Thé measurements mede of the mnl-

walar absorption ¢f

sound in gases and in gas miXtUZ =" on. . the following coii~

clusions:

3
1) Tht o,,erved attenuations for pure 002. csa. anc

/
02340 agree extremely well with the attemuationg
_ predictad by Bourgin's theory for a single gaa.

2) The observed attenuation for mixtures of CO, and TS,

o it s — N
¢ . L P

-

- Best Available Copy
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agree within 2 to 5% with vthe attenuations pre-
dictsd by Bourgin's thecry for amixtures of ah-
sorptiva gosen,

i) Por the L0, - C,H,0 mixture, the observed atienua-
tions agraee within thc oxperimsntal svosr [Yeas

than 2%) with the Ncurgin theory.

Measurements of this type yield in addition to the
Attenuation voeffiolent Anformation concerning the colliaion
parameters of a gas or gas mixture. VYor example, the number
of collisions required to remove a quantum of vibrational
energy from a molecule and the probability of a transition
oneurring due to a single collision can be ocaloulated from

the experimentally determined transition rates, :?A and :i“.

p———



IX. ACKNOWLEDUGEMENT

I'he author is indebted to Dr. R. W, Leonard for
his assistance in suggesting this problem and alsoc for hia
gulidance and encouragement throughout this investigation.




BIBLIOGRAPHY




1.

9.
:10.
11-
12,

NTBLIOARAPHY

Rayleigh, lord, Theory of Sound, Vol I page 322.
(bover Publication).

. Neklepajew, N. Ann. d. Physik 35, 175 (1911).

Abello, T, P. Proc. Nat. Acad, of S5ci. Wash. 12, 099
(1932).

Grossmann, F., Ann. d. Physik 13, 081 (1932).

Plerce, G. W. Proc. Am, Acad. Soi. L3, 1 (1928); J.
Acous. 3on. Am. 9, 135 (1938).

Rich, D. L and W, H. Plelemeler. Phys, Rev, 25, 117
(1925).

Knudsen, V. O, J. Acous, Soc. Am. 3, 126 (1931); 5, 112
(19335 6, 199 (1935).

Jeans, J. D¥namical Theory of gtses (Camb, Univ. Preas
1904 Edition).

Finetein, A. Sitz. Berl, Akad. 380 (1920).
Herzfeld, K and F. 0. Rlce, Phys, Rev. 31, 691 (1928).
Kneser, H, 0. Ann, d, Phymik 11, 7ul, 777 (1931).

Bourgin, D. G. Phys. Rev. 34, 521 (1929); #2, 721 (1932).

Bourgin, D. G. Phys., Rev. 50, 355 (1930).
Ieonard, R, W. J. Acous. 8oc. Am. 12, 241 (1940).
Fricke, E, . J. Acoum, Soc. Ar, 12, 245 {1940),

Prick, R. H. Abasorptlon and Diaspersion of Sound in QGases
(Theslis UCLA, 1942).

Norton, G. A. J. Acous, Soc. Am. 7, 1lu (1935).




Henry, P. 5. W, Peoc. Phys. Soe. 43, 341 (1931),

. ¥ay, H, D. J.

Tischner, .

Beranel, L. L.

Arous. 3oc. Am. 12, 0 (1nho),
Elecktra, Nachr, Teah [, 192 (193¢).

Acoustic Measurements page 72 {John

Wiley and Sons).

Waetzmann, E.

Norsa, P, M.
Dook Co.)

Heriberg, .
Nostrand Co.,

Griffith, W.

and W. Wenke. Akus. Zoits 4, 1 (1939).
Viviaiion and Sound page 300 (McGraw-Hill
Infrarced and Raman Spectra (). van

1945).

J. Apli. Phys. Dec, 1319 (1950).

’
»r

-

“*—‘Iﬂ": ——

v e S——



TROENTCAL NEPORTG DLarIuTr! n LIST
INTVERSTTY OF CALTMOKRNIA
CONTRACT NAsnr-2750"
NRO1) 302

Ae OGevernment Diatributien
The National Military UBsteblistmem.

Hesearch and Development Iloard
Pentagon Building
Washington 25, D, C, (2 vopies)

Departmant of tha Navy

Chief of Naval Ressarch

0ffice of Naval Research
Washington 25, D, C.

Attn: Physics Branch (2 oopies)

Director, Naval Research Laboratory
Yashington 20, D, C.
Attn: Tachnical Information Officer (9 copies)

ONR, Branch Offices

(ommanding Officer

Ue Gs Navy Office of Naval Research
Hranch Offioce

150 Causeway Street

Boston 10, Massachusetts (1 copy)

Commanding Officer

Uese S« Navy Office of Naval Research
Branch Office

50 Church Street

New York 7, New York {1 copy)

Cormanding Officer

Ue Se Navy Office of Naval liesearch
Branch Office

American Fore Building

8LL N. Rush Streat

Chieago 11, Illinois (1 copy)

Commanding Officer

Use 5o Navy Office of Naval Rasearch
Rramh O {fice

80) Denalme Streat

San Francisco 2L, Californis (1 copy)

T,

il ——




page

Commanding Off{cer

Ue ie Navy (ffice of Naval fedsarch
Hranch ¢ 1tioe

1030 K. Sraean Ltreet

lanadena 1, Californla (1 copy)

Office of Lthe Assiatant Kaval Attache for lspearch
Fleet Fosgt Cffice
New Yurk, New York (2 coples)

iirector

Us 3a Navy Underwater tound leterence laboratory
tffice of Nawval Hmsocarch

I's 0s Rox 3629

Orlando, Florida (1 copy)

I rector

Naval hesearch lLaboratory
Amacoatia Station

Wnlhtngbon 20' D. C.

Attn: Sound Livimion (1 oopy)

IArector
Ue Se Navy “lecotronics laboratory
San Ulego 52, California

e 5o Naval Academy

Naval Postgraduate School
Physics Department

Annapolis, Varyland

Attns L. E. Kinsler (1 oopy)

Jirector

Marine Physical Laboratory
Urdversity of California
San ilego 52, California

Mrector

Us 54 Navy Underwater sSound Laboratory
Fort Trumbull

New london, Commecticut (1 copy)

Mrectoy

David Taylor Model Fasin
Carderock, Maryland

Attn: Sound Section (1 copy)

drector

Crdnance Research lLaboratory
Panngylvania State College

State Cellsge, Pennaylvania (1 copy)

Pt



page 3

Chief ol Lha Mireau of Ships

Navy Department

Washington 25, L. C.

Attn: Coda 33¢C (1 copy)
Code 665 (1 oopy)
Code BL5 (2 coplan)

Naval Medlcal Rasparoh Institute
Naval Medical Center

Bethesda 1L, Maryland

Attni Cdr. D. Coldwan NNC (1 eopy)

Iirector, Nawval Ordnance laboratory
¥White Oaks, Maryland
Attn1  Sound Divisioa (1 copy)

¥oods Oceanographic Institution
Wooda Hole, Nassachusetta
Attn: Contrmot Nobar 43270 (1 copy)

Department of the Air Forces

Cormanding Offiosr

Mr Force Cambridge Research laboratories

230 Albany Street .

Canbridge 39, Massschusetts

Attn: Oeophysical Research Directorste, ERHS-1

Directer

National Bursau of Standards
L.vision of Macharios
Washington 25, D. C.

Attn: Dr. R. K. Cook (1 copy)

National Academy of Soderce
Cormittes on Undermea Warfare

2101 Constitution Avenue

%ashington 25, D. Ce

Attn: Dr. John S. Coleman (1 ocopy)

Non-Covernment Ulstribution

Director

Laboratory af Acoustic War Research
Psrnsylvania State College

State College, Pernsylvania (1 copy)

Massachusetts Institute of Technology
Acoustics Laberatory

Cambridge 39, Massschunetis

Attni Prof. R H, PRolt (1 oop}')

— —




page h

Harvard University

Uruft faberatory

NDepartmsnt of inginenring Science and Applied Physica
Cambridge, Masnacimaerts '
Attnt Prof, F. V. thnt (1 copy)

Catholle iInfveraiiy oi Awerica

vasaingtoa 17, I's C.
Attni  Prof. K. F. llersfeld (1 copy)

Drown lUniveraity

hepartment of Appliad Phyaics
Providence 12, iHhode Island

Attn: Pref, Re b, IAndsay (! oopy)

Univarsity of Southern California
los Angelea 7, California
Attnt Prof. lt. . Vollrath (1 copy)

Norman lridge Laboratory

Call fornia Institute of Technology
Paaadena, California

Attn: Prof. W, 0. Cady (1 copy)

Uniwraiti o§ California

Dspartment of Physics

los Angeles, California

Attn: Dr. Ke W Leonard (1 copy)

Princeton University

Department of Flectrical Ingineering
Princeton, New Jersey

Attn: Dr. %, C. Johnson (1 copy)

Cass Institute of Teshnology
Department of Physiocs
Unlversity Circle

(Neveland 6, Ohio
Attn: Dra. R. S, Shankland (1 copy)

Utah University
Salt Lake City, Utah
Attn: Dr. Elsey (1 copy)

Western Reserve Univeraity
Department of Chemistry ,

Cleveland, Ohio
Attnt Lre F. Hovorka (1 copy)

In thoge cases where an UNR reasident representative has cognigzanca
of the contract, one copy of the technical report should be sent

to the repressntativee

Notes



